Autoantibodies in the skin and sera of patients with epidermolysis bullosa acquisita bind to a large matrix molecule within the lamina densa region of skin basement membrane. At the site of these immune complexes, the epidermis separates from the dermis, which creates a subepidermal blister just below the lamina densa. The target molecule for the autoantibodies is in close apposition to fibronectin, a major extracellular matrix molecule that is abundant in the upper dermis of skin. In this report, we show specific affinity between fibronectin and the 290,000-D chain of the epidermolysis bullosa acquisita antigen, and that this affinity is mediated by the gelatin/collagen-binding domain of fibronectin (Mr = 60,000). Since blistering in epidermolysis bullosa acquisita often occurs in the absence of clinical and histological inflammation, a direct interruption in the fibronectin-epidermolysis bullosa acquisita antigen bond may be involved in the pathogenesis of epidermal-dermal disadherence that occurs in this bullous disease.
Introduction
Epidermolysis bullosa acquisita (EBA)' is a severe chronic subepidermal blistering disease of the skin in which autoantibodies form immune complexes just beneath the lamina densa compartment of the cutaneous basement membrane zone (BMZ) (1) (2) (3) (4) (5) . At this sublamina densa site the epidermis separates from the dermis, which creates skin blisters. This process often occurs with minimal inflammation either clinically or histologically.
Anti-BMZ autoantibodies in the serum ofpatients or eluted from the BMZ of patients' skin bind to a large matrix molecule in the BMZ beneath stratified squamous epithelium ofmammals, but not ofbirds, amphibians, or reptiles (6) (7) (8) . This matrix molecule, the EBA antigen, is recognized as two chains (Mr BMZ components such as laminin, heparan sulfate proteoglycan, and type IV collagen have specific affinities for one another that are thought to be necessary for the structure and function of this morphological unit (1 1-13). The EBA antigen, a major BMZ component, is in close apposition to fibronectin, another major matrix molecule that is highly biologically active and found throughout human skin dermis, but is concentrated in the papillary dermis and may be a component of some BMZs (14) (15) (16) (17) .
In this study, we report that the EBA antigen and fibronectin have specific affinity for each other and that this interaction is mediated via the collagen/gelatin-binding domain (Mr = 60,000) ofthe fibronectin molecule. The affinity between the EBA antigen and fibronectin may play a role in physiologic epidermal-dermal adherence, and that the interference of this interaction could play a role in the blister formation that occurs in EBA.
Methods
Materials. All materials were obtained from Sigma Chemical Co., St. Louis, MO unless otherwise specified. Human immunoglobulin was obtained from Cooper Biomedical Cappel Worthington, Malvern, PA. Laminin routinely prepared from the Engelbreath Holm Swarm tumor ( 11) and commercially available laminin (BRL Laboratories, Bethesda, MD) were used. Fibronectin was prepared from human plasma as previously described (15, 16) . Human placental extracts containing partially purified type I and V collagens were prepared according to Sage and Bornstein (18, 19) .
Antibodies. The experimental antibodies used in this study include: (a) a murine monoclonal antibody, H3a, to the EBA antigen which specifically stains the lamina densa-sublamina densa interface of the dermalepidermal junction in mammalian skin and labels both the 290-and 145-kD chains of the EBA antigen (7); (b) antibodies in the sera of four EBA patients that behave identically to the H3a monoclonal (6); and (c) a goat affinity-purified antibody to human skin type I collagen (1 1).
The control antibodies used in this study include (l) a murine monoclonal antibody to type IV collagen (20) , (it) four normal human sera (6) , and (iii) two normal goat sera. Western immunoblots. Proteins were extracted from human skin basement membrane (extract A), separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) on a 5% slab gel, electrophoretically transferred to nitrocellulose, and reacted with experimental and control antibodies as previously described (6, 21) .
It has been shown recently that the 290-kD EBA band is composed of a 145-kD collagenase-sensitive domain and a 145-kD collagenaseinsensitive domain which is rich in carbohydrate (10) . Two new methods for preparing human skin basement membranes were devised to obtain extracts that only contained the 145-kD collagenase-resistant, carbohydrate-rich domain or preferentially contained the 290-kD species which consisted of both collagenase-sensitive and -insensitive domains. To preferentially extract the 290-kD species, surgical specimens of human skin were obtained, washed with cold I M NaCl containing 0.010 M cysteine and 0.005 M ethylenediamine tetraacetate (EDTA; Fisher Scientific Co., Fair Lawn, NJ) (Wash Solution) for I h to inhibit human skin collagenase, which is localized within the papillary dermis. The skin was then sliced to 0.4 mm thickness with a Padgett keratotome and immediately incubated at 4°C in wash solution containing 0.001 M phenylmethyl-sulfonyl fluoride (PMSF; Sigma Chemical Co.) with gentle agitation for 72 h, at which time the epidermis was separated from the dermal basement membrane. The de-epidermized basement membrane was placed in liquid nitrogen and pulvarized into a fine powder and lyophilized. 4 g ofdried powder was mixed with 80 ml of 6 was labeled extract C. Proteins in extracts B and C were handled identically to those in extract A: separated by SDS-PAGE and subjected to Western blot analysis with control and experimental antibodies as previously described (6, 10, (18) (19) (20) (21) .
The blots were dried and an autoradiogram of the blots prepared with Kodak X-omat film according to Bonner and Laskey (22) .
Western blots labeled with fibronectin. A variation of the Western blotting procedure was performed in which either laminin (I 1), whole fibronectin (15, 16) , or purified fibronectin cell-binding and gelatinbinding domains (23, 24) were reacted with the skin BMZ proteins rather than EBA antibodies. The binding ofthese matrix molecules to proteins separated and immobilized on the blot was detected by labeling each of the ligands with 125I-NaI (Amersham Corp., Arlington Heights, IL), according to Hunter and Greenwood (25) , diluting the labeled proteins to 200,000 or 400,000 cpm/ml in 0.025 M Tris-HCI, pH 7.4, 0.2 M NaCl, and incubating the solutions with lanes of proteins separated on nitrocellulose for 3 h at room temperature. The lanes were then washed, dried, and an autoradiogram prepared as with routine Western blots (6, 21) .
In competition experiments, gelatin, bovine serum albumin, immunoglobulin, or laminin at concentrations between 100 and 400 Ag/ ml were added (26) 3, Fig. 1 ). The other multiple bands seen on identical Commassie Blue-stained gels of the BMZ extract (lane 6, Fig. 1) remained unlabeled (Fig. 1) . To determine if fibronectin had affinity for any of the bands in the BMZ extract, '25I-fibronectin was incubated with Western blots of the extract and the subsequent labeling compared with specific EBA antibodies. The labeled soluble fibronectin incubated on the nitrocellulose sheets of immobilized BMZ proteins, bound to the same 290-kD band as the EBA antibodies (compare lanes I and 2, Fig. 1 ). When extract A was used in the blots, some labeling of the 145-kD EBA band was also apparent just above the alpha chains of type I collagen. '251I-Fibronectin also bound to contaminating type I collagen bands in the BMZ extract as expected (26) (27) (28) (29) in addition to the EBA antigen chains (Fig.  1, lane 2) . All of the other bands in the extract remained unlabeled except for one: a protein band of 125,000 kD that is uncharacterized. In contrast to fibronectin, '251-laminin (another large sulfated matrix glycoprotein that is not juxtaposed to the EBA antigen in vivo) did not bind to the EBA antigen or collagen bands in the blot at either a 200,000-or 400,000-cpm/ml concentration (Fig. 1, lanes 4 and 5) .
The Coomassie Blue-stained SDS-polyacrylamide gels and the Western blots with labeled fibronectin suggested that type I collagen bands were a major contaminant of the skin BMZ extract. To examine this directly, Western blots ofthe extract were reacted with antibodies to type I collagen (I 1) (Fig. 2, lane 3 ).
An affinity-purified goat anti-type I collagen antibody (1 1) labeled the alpha (Mr = 118 kD) and beta (M, = 215 kD) type I collagen chains which are major proteins within the BMZ extract (Fig. 2) Fig. 2 ) in the extract, making them unavailable for labeling with their respective antibodies, and generated the 145-kD collagenase-resistant portion ofthe EBA antigen that remained labeled by EBA antigen antibodies (Fig. 2, lane 2 Fig. 2, lane 1) of two equal-sized 145-kD components: one ofwhich is sensitive and the other which is insensitive to collagenase (10) . EBA antigen, biosynthetically derived in tissue culture, demonstrates only one single 290-kD band and no 145-kD species (9, 30, 31) . This suggests that the 290-kD band is the native molecule, while the 145-kD band seen in tissue extracts represents a degradation product from the 290-kD molecule (9, 30, 31) . Moreover, this experiment shows without a doubt that the 145-kD collagenaseresistant domain is distinct from the type I collagen chains contaminating the BMZ extract.
Proteins, including the 145-kD band, in the collagenasetreated preparation, extract C, failed to label with '251-fibronectin in Western blots (data not shown). There is some labeling, however, of the 145-kD band by fibronectin in extract A (lane 2, Fig. 1 ). One interpretation of this is that there is incomplete collagen degradation in extract A, and the observed 145-kD species contains enough collagen to label with fibronectin unless exogenous collagenase is added. Alternatively, it could be argued that the collagenase treatment alters the extract and inhibits fibronectin binding by some other means not involving collagen at all.
To determine the specificity offibronectin binding to collagen and the EBA antigen chains, the labeled fibronectin was reacted in parallel Western blots with albumin, laminin, immunoglobulin, fibronectin itself, and extracts containing type I and V collagen. As seen in Fig. 3 , the fibronectin readily binds to type I collagen and the EBA antigen chains in the BMZ extract (lanes I and 2, Fig. 3) as well as the collagen V (lane 7, Fig. 3 ), but fails to label laminin (lane 3, Fig. 3 ). Albumin and immunoglobulin also failed to bind fibronectin (lanes 4 and 5, Fig. 3 ) as previously reported (27-29). Soluble fibronectin does not bind to fibronectin immobilized on a Sepharose column (27-29). We were surprised to find that labeled fibronectin bound somewhat to the fibronectin immobilized on the nitrocellulose. Recently, however, a "self aggregation" domain on the fibronectin molecule has been demonstrated (32-34). (lane 6).
To examine the possibility that fibronectin binding to the EBA antigen chains is mediated by the gelatin/collagen-binding domain of fibronectin, labeled fibronectin incubations were carried out in the presence of0, 100, or 200 Ag ofgelatin or unrelated proteins such as bovine serum albumin, immunoglobulins, and laminin. As seen in Fig. 4 A, the addition of gelatin inhibits the fibronectin binding to the EBA chains in a concentration-dependent manner. The specificity for this inhibition is seen in Fig. 4 B, in which the addition ofgelatin (lane 5, Fig. 4 B) inhibits the binding offibronectin to the EBA chains and type I collagen, while the addition of laminin, albumin, or immunoglobulin does not.
To determine directly if the gelatin/collagen domain of the fibronectin molecule mediated the interaction between EBA and fibronectin, purified fibronectin fragments (23, 24) were labeled and incubated with Western blots of the BMZ extract. Fig. 5 shows '251I-labeled whole fibronectin compared with the gelatin and cell-binding fragments by SDS-PAGE. In Fig. 6 EBA antigen chains are in close apposition within the cutaneous BMZ (6, 8) . In this report, we show that these two matrix components have specific affinity for each other and that this interaction is mediated by the gelatin/collagen-binding domain on the fibronectin molecule. Although we were unable to block the fibronectin-EBA antigen interaction with EBA antibodies in our in vitro Western blot assay, it is possible that this interaction is perturbed in vivo when high concentrations of EBA autoantibodies complex with antigen within the BMZ. It must be emphasized that in our in vitro system we are using denatured EBA antigen that is isolated from other matrix components. It cannot be assumed that the nature of the antigen-antibody complexes and the concentration of bound antibody in vitro is identical to that found in diseased skin. Nevertheless, the fact that the EBA antigen and fibronectin are closely apposed in skin and have specific affinity for each other in vitro would suggest that this interaction may play a role in maintaining normal dermal-epidermal adherence, and that abrogation ofthis interaction may be relevant to the pathogenesis of EBA, a butlous disease characterized by a paucity of inflammation.
